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Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia with the prevalence estimated at 2% of the total adult population [1] . Over the last two decades the prevalence of reported AF has increased by 13% and epidemiological studies predict further increases related mostly to the ageing of the society [2] . AF carries a substantial risk of thromboembolism, heart failure and mortality [3] . These risks of complications related to AF can be substantially decreased by introduction of appropriate treatment. This has been repeatedly demonstrated for oral anticoagulants (OACs) and acute ischemic stroke [4, 5] . The nonvitamin-K antagonist OACs may further improve outcomes and decrease the risk of intracranial bleeding [6] . Due to lack of symptoms a significant proportion of patients suffering from AF are unaware of their arrhythmia [7] .
Screening for AF aimed at early detection of asymptomatic individuals appears to be soimportant as it enables the implementation of an early intervention and changes the prognosis. According to the current ESC guidelines opportunistic screening for AF is recommended in patients >65 years with the use of pulse-taking or an electrocardiogram (ECG) [8] . The STRO-KESTOP study findings suggest that systematic screening based on repeated short ECG recordings results in satisfactory yield for AF detection in elderly individuals [9] .
It is currently unclear which of these two screening methods is more effective in detecting previously undiagnosed AF. Other factors might also influence the efficiency of the screening process. First, different technical modalities may be employed for the screening, including standard 12-lead ECG, various portable devices recording data other than 12-lead ECG and pulse palpation. Second, organisation of the screening process may vary (GP-led vs. community-based approach).
In this systematic review and meta-analysis we aimed to: (1) assess the effectiveness of active screening for previously undiagnosed AF and (2) investigate various aspects of the screening programme.
Methods
The study followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) flow diagram and checklist (S1 Table) [10] . Details of the protocol for this systematic review were registered on PROSPERO 
Criteria for considering studies
All randomised controlled trials (RCTs) and observational studies comparing screening for AF to no screening were eligible for inclusion. Studies with historical control and in which there was only an intervention arm were also qualified. Case series and review articles were excluded.
Eligible participants were men and women � 40 years living in community or attending GP practices. People with implanted pacemaker or defibrillator likewise any specific groups like athletes were excluded. Patients with previous stroke or TIA were considered only if they constituted a proportion of the larger population. Patients with the prior diagnosis of AF were excluded from the final number of newly diagnosed AF cases.
Studies eligible for inclusion compared systematic or opportunistic screening programmes to no screening in the control or pre-intervention group. "No screening" was defined as a passive approach towards the diagnosis of AF. The latter indicating that the diagnosis was made either incidentally or following presentation with symptoms of arrhythmia over the study period. "Systematic screening" was defined as screening carried out in all people over a certain age or in a particular sub-group. "Opportunistic screening" was defined as screening performed in patients attending medical professional for another reason. The term "active screening" encompasses both systematic and opportunistic screening and means searching for AF in opposition to passive case-finding in people with symptoms or signs of AF referred to here as "no screening". Screening might have been led by primary care physicians in their local practices (using their facilities) or taken place in community, i.e. in the form of health program, in which different medical centres participated. A detection method of AF in the intervention group could consist of pulse palpation, ECG (less than 12-lead and 12-lead) and the use of some other wearable devices. The heart rate could be checked only once or repeatedly, and the programme could be designed as a one-or multi-step process. The diagnosis of AF needed to eventually be confirmed using 12-lead ECG interpreted by an appropriately trained GP or a cardiologist.
The primary outcome was the incidence of previously undiagnosed AF as the result of screening or the difference in the incidence between the intervention and control (pre-intervention) group. The secondary outcomes comprised the identification of factors influencing the effectiveness of screening, as well as the eligibility of newly detected AF for stroke thromboprophylaxis (assessed with the use of CHADS 2 or CHA 2 DS 2 -VASc scales).
Data collection and analysis
Preliminary screening of retrieved abstracts in order to eliminate irrelevant studies was performed by two authors (AS, PP). All except two authors (GL, PPo) assessed full texts for eligibility. Multiple reports from the same study were identified. Data from published reports was extracted using a prespecified data collection form. Data describing study and patient characteristics, number of patients in intervention and control arm, number and percent of patients with new AF, median CHA 2 DS 2 -VASc score, percentage of patients scoring �2 and data necessary to perform risk of bias assessment were extracted. Risk of bias assessment was performed by two authors (AS, PP). Disagreements were resolved by discussion with all other authors. Randomized controlled studies were assessed according to the Cochrane Collaboration's tool and in prospective cohort studies the Newcastle-Ottawa Scale was adopted.
For any individual study a risk difference was calculated. In single-arm studies the risk in control group was assumed to be 0. An intention-to-treat analysis to estimate new AF incidence was conducted, the denominator being all patients qualified to (be screened) who were eligible and consented, even if differently assessed in original study reports.
The methodological (study design, quality) and clinical (population, setting, systematic vs. opportunistic screening) heterogeneity was assessed. It was decided to perform meta-analysis to estimate new AF incidence as a result of screening using data collected from all eligible studies and to address the heterogeneity in subgroup and sensitivity analysis. Statistical heterogeneity was evaluated with Cochran's Q-statistic and quantified with the I 2 statistic. Whenever tests for heterogeneity revealed that variations between the studies were statistically significant (P < 0.05 or I 2 � 50%), a random-effects model was used. Subgroup analyses were carried out as follows: cut-off age: >64 vs. <65 years old, setting: GP vs. community, type of intervention: pulse palpation vs. ECG, 12-lead ECG vs. less than 12-lead ECG, systematic vs. opportunistic screening, heart rhythm measurement frequency: repeated vs. only once, randomized clinical trials vs. observational studies. In addition, five potential sources of heterogeneity: age, screening setting, ECG vs. pulse palpation, systematic vs. opportunistic screening and heart rhythm measurement frequency were tested by meta-regression in a multivariate meta-regression model. In sensitivity analysis studies in which recruited participants had to have one of the following: AF or stroke risk factor, heart disease (coronary heart disease, congestive heart failure) were excluded. Egger's test and Begg's funnel plot were used to evaluate the publication bias. All statistical analyses were performed using Statistica version 12.0 (StatSoft, Tulsa, US) and all tested P values < 0.05 were considered statistically significant.
Results
Details of the study selection are presented in Fig 1 . Table 1 displays the characteristics and outcomes of included studies. 25 studies that were included came from 14 countries. Participants were recruited from GPs (10 studies) or community (15 studies). Concerning the study design, these included 3 randomized clinical trials [11] [12] [13] , 4 prospective cohort studies with randomization [9, [14] [15] [16] , 13 prospective cohort studies [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] , 4 cross-sectional studies [30] [31] [32] [33] , and one case-control study [34] .The total number of participants was 88 786 with weighted mean age of 58.6 and 46.4% were males. The lower age limit for recruitment varied widely across studies with 13 studies limiting recruitment to > 64 years [9, 11, 12, 14, 15, 17, [22] [23] [24] 28, 30] . In 5 studies [13, 18, 21, 25, 26] recruited participants had to have one of the following: AF or stroke risk factor, coronary heart disease, congestive heart failure. The most common exclusion criteria were: atrial fibrillation or atrial flutter, prior stroke, transient ischemic attack, implantable pacemaker or defibrillator, terminal illness or severe cognitive impairment. In 14 studies [9, [11] [12] [13] [14] [15] [16] 20, 23, [26] [27] [28] [29] 33 ] screening was conducted systematically, whereas in 13 studies [11, 12, [17] [18] [19] 21, 22, 24, 25, [30] [31] [32] 34] it was done opportunistically. In the SAFE study [11] there were two screening arms: systematic and opportunistic. Similarly, in the RCT Morgan 2002 [12] systematic and opportunistic groups were compared. These were analysed separately for the calculation of main outcome in subgroup analysis. Screening modalities differed between studies: in 11 [11, 13, 16, [19] [20] [21] 23, 27, 29, 33, 34] it was a 12-lead ECG; in 9 
Risk of bias in included studies
Overall quality of non-randomized studies was moderate, according to the Newcastle-Ottawa Scale. In four studies [18, 21, 25, 26 ] the population was not representative of the average population. In one study [15] it was not possible to objectively confirm whether screening actually took place. In two studies [27, 34] it was possible to include patients with already known AF in the main outcome assessment. In three studies [18, 31, 32 ]the diagnosis of AF was not confirmed in an objective or blinded fashion, i.e. by the 12-lead ECG interpreted independently by a cardiologist. Only in eight studies [9, 15, 17, 18, 20, 25, 26, 34] , in which heart rhythm measurements were being repeated, follow-up was considered long enough for outcome to occur. In one study [23] the proportion of patients eligible for and agreeing to screening who actually were screened did not exceed 80%. In two randomised trials [11, 12] 
Effects of interventions
Newly identified AF. The incidence of newly detected AF was 1.5% (95% CI 1.1-1.8%) (Fig 2) . The hypothesis about the homogeneity of the studies was rejected therefore a random effects model was implemented (Q = 534, p<0.05, I 2 = 95.13%).
Age cut-off for screening. When screening was limited to participants from studies with entry cut-off �65 years (mean age 67.2 years), the incidence was 1.5% (95% CI 1.0-2.0%) as compared to 1.4% (95% CI 1.0-1.9%) among participants from studies where entry cut-off was 40-64 years (mean age 52.2 years). This difference was not statistically significant (Table 2) .
Stroke risk. CHA 2 DS 2 -VASc score, which describes the risk of thromboembolic complications, was reported in 11 studies [9, 13, 14, [16] [17] [18] 24, 27, 30, 31, 33] , in one study [25] CHADS 2 score was calculated. In 9 studies [9, 13, 14, 17, 18, 24, 25, 30, 33] the stroke risk for previously unknown AF was reported separately. In all 9 studies, median CHA 2 DS 2 -VASc score or CHADS 2 score was not lower than 2. A vast majority of patients with newly detected AF (90.9-100%) scored �2, which made them eligible for OACs.
Screening setting. AF incidence was significantly higher in the GP setting than the community setting: 1.9% (95% CI 1.4-2.4%) vs. 1.1% (95% CI 0.7-1.6%), p<0.05 (Fig 3) .
ECG vs. pulse palpation. Different screening techniques were compared one to each other and no statistical differences were found whether pulse palpation or ECG was used as a Pulse palpation, only once, opportunistic primary screening modality (1.3% vs. 1.6%, respectively). 12-lead ECG was numerically worse compared to strategies other than 12-lead ECG in identifying new AF cases, but this difference again was not significant: 1.3% vs. 1.9%. Systematic vs. opportunistic screening. The incidence of newly detected AF was significantly higher in studies in which screening was organized in a systematic way in contrast to studies where it was opportunistic: 1.8% (95% CI 1.4-2.3%) vs. 1.1% (95% CI 0.6-1.6%), p<0.05 (Fig 4) .
When studies were subdivided in relation to screening technique and screening organizational process, the differences, though not significant, tended to be greater between systematic screening vs. opportunistic screening groups than between pulse palpation-based vs. ECGbased groups (Table 2) .
Single vs. repeated measurements. Studies in which heart rhythm was measured repeatedly within a certain time period as opposed to a single measurement reported significantly higher new AF incidence: 2.1% (95% CI 1.5-2.8%) vs. 1.2% (95% CI 0.8-1.6%), p<0.05 (Fig 5) .
Study design. The incidence of newly identified AF was not different in RCTs in comparison with observational studies: 1.8% (95% CI 1.0-2.5%) vs. 1.4% (95% CI 1.0-1.8%), p>0.05. 
Sensitivity analysis
In sensitivity analysis we excluded studies in which recruited participants had to have either of the following: AF or stroke risk factor, coronary heart disease, congestive heart failure [13, 18, 21, 25, 26] . However, the incidence of new AF was grossly unchanged and equalled 1.4% (95% CI 1.0-1.8%).
Meta-regression analysis
Results of the meta-regression analysis are presented in Table 3 . Only heart rhythm measurement frequency had statistical significance in the multivariate model (p<0.05).
Publication bias
Asymmetric Begg's funnel plot of newly identified AF together with the result of Egger's test (p = 0.002) suggested the presence of publication bias. Using ''trim and fill" method, four potentially missing studies were imputed on the left side of the funnel plot, yielding an adjusted risk difference of 1.2% (95% CI 0.8-1.5%) (Fig 6) .
Discussion
In this systematic review and meta-analysis of contemporary studies, our principal findings are as follows: (i) active screening for previously undiagnosed AF is more effective than no screening in terms of detection of new cases of AF in various populations of patients above 40 years of age; (ii) the incidence of "silent" AF in the current study was 1.5% which is consistent with the previous report [35] ; and (iii), the organisation of screening process may be more important than technical solutions used for heart rhythm assessment.
In the present meta-analysis we analysed results of 25 studies employing different screening modalities and approaches. This allowed for the comparison of various aspects of the screening process. Such assessment was not possible in earlier review by Moran et al. [36] due to strict inclusion criteria resulting in analysis of only one randomized controlled trial. Two recent systematic reviews differed from our work due to higher age cut-off (�65 years) for patients included in analysed studies or exclusion of non-randomized studies. Nonetheless, both reviews reported superiority of screening comparing to no screening for detection of previously undiagnosed AF [37, 38] . Superiority of the systematic approach in identifying previously undiagnosed AF was shown in the subgroup analysis of the current meta-analysis. Interestingly, higher efficiency of systematic vs. opportunistic screening did not depend on the age-cut off in meta-regression analysis. It suggests that systematic screening programmes may also be effective when addressed towards individuals younger than septuagenarians and octogenarians.
When comparing systematic and opportunistic approach it should be noted that the results of SAFE trial questioned the cost-effectiveness of the systematic screening [11, 39] performed in broad group of patients age � 65 years. However, the analysis of STROKESTOP study showed that if carried out in precisely targeted population (75 to 76-years-old) the systematic approach may well be cost-effective [40] .
In our analysis, we also divided analysed studies into two groups based on the age cut-off: (1) below 65 years and (2) equal or above 65 years. This particular cut-off was chosen in accordance to ESC guidelines [8] -recommendation based on the entry criteria and the results of SAFE study [11, 39] . We found no difference in terms of the effectiveness of screening aimed at patients � 65 in comparison to screening employing lower cut-offs of age. However, it must be noted that actual mean age of participants in these two groups of studies while undoubtedly different (52.2 vs. 67.2 years) was still relatively low. Furthermore, while shifting down the cutoff age for the participation in screening programmes to values between 40 and 65 years might result in a similar detection rate of new AF (and thus higher absolute number of new cases), it might not necessarily be a cost-effective approach as significant proportion of patients below 65 years will not require oral anticoagulation due to low CHA 2 DS 2 -VASc scores [8] . This aspect was not assessed in our analysis.
Of interest, we showed that GP-led screening (carried out in local practices by primary care physicians) was more effective than screening performed in the community. This observation was proven to be valid also in meta-regression analysis which suggests its independence from other aspects of screening. Similar findings were reported in previous systematic review by Lowres et al.[35] It remains to be found which characteristics of GP-led screening give this strategy an edge over community based screening. Among them the specific features of individuals attending GP surgeries (e.g. concomitant diseases) might increase the detection rate of previously unknown AF [41] . Regardless of the potential explanation, our results clearly Subgroup meta-analysis of new AF incidence according to systematic vs. opportunistic screening. New AF incidence was significantly higher in studies (n = 14) in which screening was organized in a systematic way in contrast to studies where it was opportunistic (n = 13): 1.8% (95% CI 1.4-2.3%) vs. 1.1% (95% CI 0.6-1.6%), p<0.05. AF-atrial fibrillation.
https://doi.org/10.1371/journal.pone. 0213198.g004 suggest that the GP-led approach might be a preferable method for further screening programmes when compared to the community based initiatives.
Importantly, the majority of patients (90.9% to 100%) with previously unknown AF qualified for the anticoagulation treatment because of high thromboembolic risk [8] . Introduction of such therapy might be of particular clinical [4, 5] and economic benefit [40] for these individuals and thus further reinforces the practice of active screening.
Also, the current meta-analysis shows a similar effectiveness of screening modalities based on ECG comparing to pulse palpation when used as initial assessment of the cardiac rhythm. Subgroup meta-analysis of new AF incidence according to single vs. repeated screening. New AF incidence was significantly higher in studies (n = 10) in which heart rhythm was measured repeatedly as opposed to studies with a single measurement performed (n = 17):: 2.1% (95% CI 1.5-2.8%) vs. 1.2% (95% CI 0.8-1.6%), p<0.05. AF-atrial fibrillation.
https://doi.org/10.1371/journal.pone.0213198.g005 Effectiveness of atrial fibrillation screening While incidence of undiagnosed AF was slightly higher with ECG (1.6% vs. 1.3%), the difference was not statistically meaningful. It is a reassuring finding as pulse palpation, when performed by appropriately trained personnel, is more widely available as a first step of screening for AF than ECG. Additionally, we confirmed non-inferiority of ECG systems using less than 12-leads tracings comparing to standard 12-lead ECG. In fact, the incidence of newly detected AF was numerically greater in studies employing simplified ECG recordings. Carrying out the repeated testing increased the detection rate of new AF and in fact, heart rhythm measurement frequency was the only variable that showed statistical significance in a multivariate meta-regression model. It is worth to note that the review by Lowres et al. [35] included studies that screened on only one occasion. Interestingly in STROKESTOP study intermittent monitoring diagnosed 4 times as many individuals with new AF compared with the initial ECG [9] . Patients with permanent AF may have already been diagnosed, whereas paroxysmal AF is more problematic to detect with single time-point measurement, as patients may be in sinus rhythm when screened. User-friendly features of less than 12-lead ECG systems make the simplified and repeatable ECG approaches a viable option for further screening programmes for "silent" AF-especially in individuals with low-burden, paroxysmal AF. 
Effectiveness of atrial fibrillation screening
In contrast to ESC guidelines the UK National Screening Committee (NSC) does not advocate population screening for AF [42] based on: (1) lack of high-quality evidence coming from randomised controlled trials confirming that screening for silent AF saves lives or reduces morbidity and (2) uncertainty whether risk of stroke in someone with screen-detected AF is the same as in individual with AF detected due to clinical presentation. However, in large UK cohort study [43] it was shown that patents with incidentally detected ambulatory AF are characterized by high risk of stroke which can be significantly reduced (similarly as the risk of death) by introduction of anticoagulation treatment as compared to no therapy. Thus, the British Cardiovascular Society issued a subsequent statement [44] , in response to rather conservative recommendation of NSC, suggesting that it would be in the public interest to reconsider their decision. We believe that results of our study (among other recent publications [37, 38] ) support the concept of wide screening for AF.
Limitations
Our study is not without limitations. First of all, the heterogeneity of analysed studies must be appreciated. Secondly, only three studies [11] [12] [13] were performed in a randomized manner and only these included control groups what may question the reliability of the results obtained. In fact, a proportion of new AF diagnoses may be due to incidental findings or development of symptoms within the screening period. Finally, we analysed the effectiveness of different aspects of the screening process only in relation to new cases of AF. Therefore, we were not able to assess the incidence of patients with previously diagnosed AF who were not using adequate anticoagulation. Recognition of such individuals may be clinically as important as finding patients with newly identified AF.
Conclusions
In conclusion, this meta-analysis showed that active screening for undiagnosed AF is efficacious beginning from 40 years of age. Our results suggest that the organisation of screening process (GP-led, systematic and repeated screening) is more important than technical solutions used for the heart rhythm assessment. 
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